Background: Actin nucleation is the key rate-limiting step in actin polymerization, and tight regulation of this process is critical to ensure that actin filaments form only at specific regions of the cell. Las17 is the primary activator of Arp2/3-driven actin nucleation in yeast and is required for membrane invagination during endocytosis. Its mammalian homolog, WASP, has also been studied extensively as an activator of Arp2/3-driven actin polymerization. In both Las17 and WASP, actin nucleation activity is attributed to an ability to bind actin through a WH2 domain and to bind Arp2/3 through an acidic region. The central region of both Las17 and WASP is rich in proline residues and is generally considered to bind to SH3-domain-containing proteins. Results: We have identified a novel actin-binding activity in the polyproline domain of both yeast Las17 and mammalian WASP. The polyproline domain of Las17 is also able to nucleate actin filaments independently of Arp2/3. Mutational analysis reveals that proline residues are required for this nucleation activity and that the binding site on actin maps to a region distinct from those used by other nucleation activities. In vivo analysis of yeast strains expressing las17 mutated in the WH2 domain, one of its proline motifs, or both shows additive defects in actin organization and endocytosis, with the proline mutant conferring more severe phenotypes than the WH2 mutant. Conclusions: Our data demonstrate a new actin-binding and nucleation mechanism in Las17/WASP that is required for its function in actin regulation during endocytosis.
Introduction
Actin is one of the most highly conserved and abundant eukaryotic proteins, playing a critical role in many cell processes ranging from motility, cell organization, and morphology to membrane trafficking. Actin monomers (G-actin) are assembled into dynamic polarized filaments (F-actin) that are regulated by an array of actin-associated proteins [1] . These proteins ensure that actin is assembled and disassembled at defined sites in response to specific internal and external cell signals. Although many stages of actin turnover are under regulation, the key rate-limiting step is that of actin nucleation, which can be defined as the formation of a stable multimer. Tight regulation of actin nucleation is necessary to ensure that filaments form only at specific regions of the cell [2] .
Until recently, two major actin nucleators were recognized, the Arp2/3 complex and formins [2] [3] [4] [5] . Arp2/3 is proposed to polymerize new filaments on the side of existing filaments. It is a weak nucleator alone and functions with nucleationpromoting factors such as WASP to form a branched actin network [6] . Formins function as dimers to assemble unbranched filaments. A recently described third group of nucleators, including Spire, Cordon-bleu, and Leiomodin, have a general mechanism of tandem actin monomer binding [5, 7] . All of these proteins contain one or more copies of the recognized actin-binding domain WH2, but also other domains that contribute further actin-binding function [8] [9] [10] . This increasingly recognized variation indicates there may be other nucleators with distinct architecture that have yet to be identified.
Las17, the homolog of WASP, is considered the primary nucleation-promoting factor for Arp2/3 in yeast [11, 12] . Similar to WASP, Las17 has a C-terminal WCA domain comprising a WH2 domain that binds monomeric actin and a central plus acidic (CA) region that binds Arp2/3 [12] . Both Las17 and Arp2/3 localize to cortical actin patches, and they play a key role in driving the actin polymerization required for the formation of endocytic invaginations. Intriguingly, however, deletion of either the acidic region alone or the entire WCA domain of Las17 yields a very mild cellular phenotype, and actin organization at cortical patches appears normal [13, 14] . A further enigma in the function of Las17 is that it arrives at endocytic sites 10-15 s before Arp2/3, raising the possibility of an Arp2/3-independent function. Finally, Arp2/3 is generally considered to nucleate filaments on existing filaments [5] . The identity of the proteins capable of generating these initial filaments has not previously been addressed. Here we present data investigating a novel actin-binding function of Las17 that resides in its polyproline (PP) region.
Results
The Las17 Polyproline Fragment Binds Actin in Yeast Two-Hybrid Assays Although Arp2/3 is activated by binding the Las17 WCA domain, polymerization assays have shown that inclusion of full-length Las17 gives higher levels of actin nucleation [15] . Furthermore, inclusion of the polyproline region with the WCA domain of WASP and SCAR in similar Arp2/3-driven assays also causes a significant increase in polymerization rate [16] . The nature of this additional contribution to actin polymerization kinetics has not been addressed. We aimed to determine whether the polyproline region of Las17 harbors further actin-interacting activity that might explain previous in vivo and in vitro findings.
Making use of an actin yeast two-hybrid construct successfully used in other studies to identify novel actin-binding proteins [17] , we determined whether a full-length Las17 construct or a construct comprising its polyproline region (Las17PP) was able to interact with actin. The domains of Las17 used are illustrated in Figure 1A . As shown, b-galactosidase reporter assays reveal an interaction between Las17PP (amino acids 292-536) and actin ( Figure 1B ). Deletions from both N and C termini of Las17PP reduced activation of the reporters, indicating either that multiple binding sites exist or that a single binding site is formed from residues at both ends of the construct. However, about 50% of reporter activity was lost on deletion of the final 36 amino acids. This was unexpected because there is no homology with known actinbinding proteins in this region.
Las17 has nine tracts of five proline residues (53PP) (see Figure S1A available online), with eight of these in the region studied. Four 53PP are also recognized SH3-binding motifs and contain adjacent basic residues that are proposed to contribute to SH3-domain binding, whereas the C-terminal 53PP tracts do not have associated basic residues and have not been identified as SH3-binding sites [18] . Within the 36 aa region (aa 500-536) that makes the most significant contribution to actin binding in the yeast two-hybrid assay are two 53PP stretches, suggesting a possible proline-based actinbinding motif. To test this, prolines in the most C-terminal four tracts were mutagenized. As shown in Figure 1B , mutagenesis of three of these sites reduced the interaction, indicating a contribution by prolines to actin binding, with more C-terminal tracts playing a predominant role.
Las17 Binds Directly to Actin and Drives Polymerization In Vitro
It is well documented that profilin can bind to polyproline regions in actin-binding proteins, and it is proposed to aid delivery of actin monomers for polymerization [19, 20] . However, direct binding of profilin to Las17 has not been reported. In addition, although verprolin binds both Las17 and profilin, the Las17-verprolin interacting region is not part of the Las17 region used in the yeast two-hybrid assays [21] . This suggests that Las17PP may interact directly with actin. To test this, we generated glutathione S-transferase (GST) fusions of Las17PP and Las17PP+WCA on Sepharose beads and incubated them with actin containing a low level of fluorescently labeled actin (B) Plasmids expressing Las17 truncation or PP mutations were transformed into pJ69-4 a and a strains and crossed. Strains were grown in liquid media, and b-galactosidase was assayed. Errors are SD for four or more independent assays. Results are normalized to data for Las17 292-536. Significance of changes versus Las17 292-536 by unpaired Student's two-tailed t test: ***p < 0.0001 for 292-384, 292-422, 292-500, and PP506,507AA mutants; **p = 0.0003 for 412-536; *p = 0.0154 for PP470,471AA; **p = 0.0006 for PP525,526AA. (C) GST or GST-Las17 fragments were expressed and bound to glutathione beads and then incubated with G-actin in G buffer. Alexa 568 actin was added to samples to allow visualization of actin. (D) Actin was polymerized in the presence or absence of salts including 50 mM KCl and/or in the presence of recombinant GST-Las17PP. Samples were spun to pellet F-actin and any associated proteins. (E) Electron microscopy was performed to determine whether filaments were formed in the presence of Las17PP (GST cleaved).
to detect binding. Although association of Las17PP+WCA with actin was predicted due to the presence of the well-characterized monomer-binding WH2 domain, similar binding of Las17PP alone was unexpected ( Figure 1C ). In contrast, GST alone on beads shows no association with actin.
A high-speed centrifugation assay is frequently used to demonstrate F-actin binding ( Figure 1D ). In the presence of salt, actin is induced to polymerize and enter the pellet fraction. GST-Las17PP when incubated with actin also shifts to the pellet, demonstrating binding. Unexpectedly, in the absence of salt, when actin alone is unable to pellet, addition of GST-Las17PP (but no salt) also causes pelleting, indicating that Las17PP binds actin and potentially nucleates its polymerization. In order to ascertain whether the actin was pelleting due to filament formation rather than simply aggregating, samples were analyzed by electron microscopy. Filaments formed in the presence of Las17PP (cleaved from GST) were very similar to those formed in the presence of salt ( Figure 1E ).
Las17PP Nucleates Actin Filaments
Absence of salt is nonphysiological, so to investigate the possibility of nucleation further, a pyrene-actin polymerization assay was performed in the presence of salts. Incorporation of pyrene-labeled actin into filaments as they form can be detected fluorometrically as an enhanced fluorescence signal. Actin (5 mM) was polymerized with increasing levels of Las17PP. Using this approach, measurements were made to determine the affinity of Las17 binding to actin, giving a K d of 0.22 mM ( Figure S2 ).This is comparable to the apparent affinity reported of 0.4 mM for WASP WCA domain with actin [22] . These assays also revealed that in the presence of Las17PP, the lag phase of polymerization is reduced, indicating that the PP region nucleates actin filaments in the absence of other proteins ( Figure 2A ). In addition, the rate of polymerization and the final level of F-actin at steady state are increased. These data demonstrate that Las17PP interacts with actin and can trigger both nucleation and increased polymerization. The higher final amount of polymerized actin observed at steady state suggests that the fragment is able to reduce the critical concentration of actin in the reaction.
If Las17PP nucleates actin filaments de novo, then an increased number of filaments should be generated in a given time. To test this, we determined the number of filaments formed after polymerization induction using fluorescence microscopy. Actin (3 mM + 0.4 mM Alexa 568-labeled actin) was induced to polymerize, samples were taken after 30 min, and the number of filaments per grid square was counted. As shown in Figures 2B and 2C , there was a significant increase in filament number following addition of Las17PP, further supporting the presence of nucleating activity.
Two questions were then addressed. First, does the number of PP tracts affect the ability to nucleate actin? Second, are prolines central to activity? A 28-mer peptide of Las17PP (residues 501-528) was synthesized and incubated with actin. The peptide did not substantially reduce the lag phase of actin polymerization, suggesting that the ability to nucleate is a function of having more than two 53PP tracts ( Figure 2D ). However, peptide addition did cause an increased polymerization rate and final level of F-actin. Mutation of both PP tracts from PPPPP to PPPAA completely blocked the effect of the peptide on actin dynamics, demonstrating the critical role played by proline residues in the actin interaction.
A fragment carrying all eight 53PP tracts but mutagenized at the site contributing most actin-binding activity in yeast twohybrid analysis (PP506,507AA; Figure 1B ) was also purified. This fragment nucleated actin, shown by a reduced lag phase, but overall F-actin level at steady state was reduced ( Figure 2E ). This supports the idea that multiple 53PP interaction sites can promote actin nucleation and demonstrates that the PP506,507 site plays an important role in binding actin, potentially reducing the critical concentration during polymerization.
The Polyproline Region in WASP Interacts with Actin To determine whether PP tracts in other related proteins are able to function in a manner similar to Las17PP, we subcloned the polyproline region of human WASP (amino acids 300-430) to generate a GST fusion. This region contains four tracts of five or more proline residues. After cleavage from GST, recombinant WASP-PP was incubated with actin in a pyrene assay ( Figure 2F ). Under these conditions, higher concentrations of WASP-PP increase the overall level of F-actin polymerized but do not cause a reduction in lag phase. Electron microscopy revealed actin filaments when G-actin was incubated with WASP-PP ( Figure 2G) .
Together, the in vitro data with purified proteins demonstrate that both Las17 and WASP-PP regions can interact with actin directly and thereby enhance actin polymerization. The interaction specifically requires prolines. If PP tracts contribute actin-binding function alone, or in concert with other domains, such tracts may function similarly in other actin-binding proteins, which might indicate additional functionality for such proteins. We performed a genome-wide search for proteins containing two or more tracts of five proline residues. Surprisingly, there are only eight such proteins in the Saccharomyces cerevisiae genome, and intriguingly, five of these proteins (formins Bni1 and Bnr1 and the Arp2/3 nucleation-promoting factors Las17, Vrp1, and Pan1) have been directly linked to actin nucleation. Of the remaining three proteins, Eap1 has been linked with TOR signaling and has been detected in a screen for genes involved in endocytosis [23, 24] . Analysis of all S. cerevisiae proteins with a single 53PP is shown in Table S1 and Figure S3 .
Mapping Binding of Las17PP to Actin
Given that both the WH2 domain and profilin are known to bind at the barbed end of an actin monomer [25, 26] , it was of interest to determine whether the actin-binding site for Las17PP bound the same site or a distinct surface of actin. To map the binding site of Las17PP, we used a yeast twohybrid approach in which a Gal4 binding domain (Gal4BD)-actin fusion was mutated to generate mutant actin alleles. This alanine-scan collection has been used to map interactions between actin and Aip1 [17] . An interaction between actin and Las17PP was assessed in strains carrying 27 actin alleles. In two cases, act1-104 and act1-111, no growth was observed ( Figure 3A) , indicating that the interaction was disrupted. In these mutants, expression of Gal4BD fusion was verified by western blotting (data not shown). The position of alleles within actin was then considered. act1-104 carries the mutations K315A and E316A, and act1-111 carries the mutations D222A, E224A, and E226A. These sites reside on a surface between subdomain III and IV on the monomer ( Figure 3B ), strongly implicating this region in Las17PP binding. Within the actin filament ( Figure 3C ), residues in each allele are exposed and available for interactions; thus, unlike WH2, which binds actin monomers, these sites can mediate binding to both G-actin and F-actin.
Las17PP and Las17-WH2 Are Both Required for Normal Growth and Actin Organization In Vivo Analysis of cells expressing act1-104 as the sole actin in cells revealed defects in endocytic patch movement, indicating the effect of inhibiting Las17PP binding ( Figure S4 ). However, because this mutation may disrupt binding to other actinbinding proteins (e.g., formins Bni1 and Bnr1), we investigated Las17PP-actin function further through generation of Las17 mutations. Proline residues 506 and 507 have not been mapped as part of an SH3 interaction site; they gave the strongest defect in actin binding by two-hybrid analysis and were shown (A) Las17PP (L-PP) was cleaved from its GST tag and incubated at different concentrations (0.08 mM, 0.1 mM, and 0.14 mM) with 5 mM actin in the presence of 25 mM KCl, 1 mM MgCl 2 , and 1 mM EGTA, in a pyrene-actin assay where actin polymerization can be followed from nucleation (lag phase) through to steady-state actin treadmilling.
(D) Peptides corresponding to residues 501-528 were synthesized (PP), and a mutant peptide was also generated with PP-AA changes in positions 4 and 5 of each 53PP tract (AA). Different concentrations of peptide were incubated with 5 mM actin in the presence of pyrene-actin and 25 mM KCl. (E) A Las17PP mutant was generated (PP506,507AA; L-PPmut). Wild-type and mutant Las17PP (GST tag removed) were incubated at 0.14 mM with 3 mM actin in a pyrene-actin assay. to contribute significantly to the extent of polymerization observed in vitro ( Figures 1B and 2E) . The effect of a complete Las17 WCA deletion domain has been studied [14] , but the contribution of the actin-binding WH2 domain alone has not been analyzed. Thus, proline residues 506 and 507 were mutagenized to alanines to disrupt one site of PP-actin binding, and I555 was mutagenized to aspartate to disrupt actin binding through WH2 [27] . Mutant and wild-type las17 were expressed under control of the Las17 promoter in cells. las17 deletion causes cells to be temperature sensitive. This can be rescued by re-expression of LAS17. Increasingly defective growth was observed for I555D, PP506,507AA, the double mutation, and the null strain ( Figure 4A ). In wild-type cells with normally functioning actin, there were many polarized cortical patches of actin, whereas in las17 deletion strains, there were few, bright cortical spots that were not polarized ( Figure 4B ). In the mutants, there was a loss in polarity of patches, though unlike in las17 deletion mutants, patches appeared to become smaller and more numerous.
Uptake of the fluid phase dye Lucifer yellow is used to indicate defects in initial stages of endocytosis and also in later stages of trafficking to the vacuole. After incubation with cells expressing LAS17, dye uptake into large vacuolar structures is observed ( Figure 4C ). In las17 deletion, there is greatly reduced dye uptake, though endosomal structures can be seen, indicating that some dye is endocytosed but then unable to undergo subsequent trafficking. In the single mutants, an increase in plasma membrane and endosomal staining is observed. Significantly, the double mutant has a phenotype highly reminiscent of the null strain, indicating that the two actin-binding sites together contribute the majority of Las17 function during endocytosis.
Mutations in Las17PP and Las17-WH2 Cause Different Defects in Endocytic Invagination
Live-cell imaging and analysis of single endocytic events has been highly informative about stages of endocytosis at which a protein functions [28, 29] . In order to determine whether distinct endocytic defects were caused by the proline or WH2 mutations, the behavior of an endocytic reporter, Sla1-mRFP, was analyzed in cells expressing wild-type or mutant las17. As shown in Figure 5A , patch tracking and kymographs from analysis of movies reveal differences in the effects of mutants. Whereas I555D appears to cause a defect during the invagination stage, the effect of the proline mutants appears to precede this stage, with a defect in the ability to stabilize the patch position. The double mutant shows no invaginations. Analysis of patch lifetime ( Figure 5B ) and patch intensity ( Figure 5C ) reiterates the importance of the PP residues in Las17 function. In particular, in the absence of functional WH2, Sla1-mRFP appears to be able to be recruited and stay at the site appropriately, though the time taken for invagination is prolonged. In contrast, in the PP506,507AA mutant, Sla1-mRFP takes a longer time to reach maximum recruitment at the site, indicating an earlier defect in endocytic patch function.
Discussion
Overall, our data demonstrate the presence of a novel actinbinding site in yeast Las17/WASP, within which proline residues play a central role in the binding interaction. Analysis of WASP-PP indicates that this region can also interact directly with actin, supporting the idea that PP domains may represent an evolutionarily conserved actin-binding site. The PP binding site on actin resides between subdomains III and IV of actin and is thus distinct from the WH2-domain actin-binding site. This study has focused on the PP-actin-binding interaction within the context of the yeast Las17 protein. Previous studies demonstrated that the Las17 WCA domain interacts with actin and Arp2/3 to promote nucleation and polymerization, and this was assumed to be the primary function of the protein. It was therefore unexpected when deletion of the WCA domain or just the Arp2/3-binding acidic domain gave only subtle phenotypes in vivo [13, 14] , contrasting greatly with the slow-growing, temperature-sensitive, endocytically defective las17 deletion strain [11] and suggesting that other regions of Las17 were critical to its function in vivo. Our data reveal a novel actin-binding region within PP tracts of Las17. When PP and WH2 mutations are combined, the cell phenotype is similar to the null, suggesting that the two sites contribute in an additive way to supply the major part of Las17 function. The severity of the PP mutation for growth, and the phenotype of the endocytic patch behavior, showing extensive lateral movement prior to invagination, suggests that the function of the PP site acts prior to that of the WCA domain. We propose a model outlined in Figure 6 . Briefly, on arrival at the plasma membrane, the PP-rich region of Las17 is able to mediate multiple interactions with actin and thereby greatly increase the chances of nucleus formation by constraining movement of individual monomers. In this way, the region could act in a similar manner to the tandem WH2-domain nucleators [7, 27] . Actin filaments are generated, which from electron microscopy appear to be unbranched. These filaments then recruit Arp2/3 and possibly myosins to the endocytic site. Arp2/3, in conjunction with Las17, is then able to trigger a burst of actin polymerization to drive invagination of the membrane. However, the function of PP-driven actin nucleation does not appear to be simply generation of filaments for Arp2/3 recruitment. The actin formed at this stage appears to be critical for corralling the early proteins at the endocytic site, such that when PP sites are mutagenized, the endocytic site is observed to show erratic movement in the plane of the membrane. It is also possible that this actin corral serves as a platform against which to exert force during invagination against cell turgor [30] . In previous reports, it has been shown that the proline-rich region of Las17 contributes positively to actin nucleation and polymerization [15, 31] . However, other in vitro experiments revealed that addition of the SH3-domain-containing proteins Sla1 and Bbc1 had an inhibitory effect, leading to a model in which Las17 is proposed to be recruited to the membrane and then held in an inhibited state until SH3 binding is released. This appears incompatible with our data in which Las17 PP function is required to generate actin filaments at an early stage of endocytosis, prior to invagination. However, in the previous experiments, the SH3 domains were added in excess of the concentration of Las17 [15, 31] , which may allow binding of SH3 domains to a greater number of proline tracts, thus effectively outcompeting any actin-binding function of the PP domain. In both reported cases, there is a level of Arp2/3 and Las17 nucleation that does not appear to be inhibited by SH3-domain addition, and it is likely that this is the function attributable to the WCA domain. In vivo, the levels of Las17 are considered to be higher than those of these SH3-domain-containing proteins [32] , making an inhibitory function less likely. Our data provide an alternative interpretation of the in vitro data and allow a simpler explanation for the function of the early Las17 recruitment to endocytic sites.
As well as identifying the PP domain as a new actin-binding region in Las17, we also demonstrated that the equivalent domain in WASP, the mammalian homolog of Las17, is able to interact with actin to promote polymerization. Although a nucleation activity was not observed in the pyrene-based assay, filaments could be generated in very low-salt conditions as shown by electron microscopy (Figure 1) , suggesting the possibility that under appropriate conditions, the domain might nucleate filaments. Alternatively, the PP tracts could act to deliver actin monomers to actively growing filament ends.
This work opens many new avenues for research and also poses new questions. Foremost among these are the structural considerations for how PP tracts interact with actin and whether additional residues are involved in defining the affinity of the interaction. Furthermore, mutation of Las17 PP and WCA domains appears to cause distinct phenotypes, indicating sequential function. The nature of the proteins or modifications that regulate these actin-based functions is unknown, though it seems likely that this will be a possible role for some of the Las17 SH3-domain interactions. Finally, it is clear that proline tracts are found in many proteins. Although the nature of the minimal component for actin binding is not yet known, it is striking that 5 of the 8 proteins with two or more 53PP are known actin nucleators, which is highly suggestive of the importance of the tract as we have described. Addressing the function of proline tracts not simply as profilin or SH3-binding sites but as independent actin-binding motifs in both characterized (e.g., Bni1) and uncharacterized proteins is likely to yield important new insights.
Experimental Procedures
Yeast Strains, Growth, and Plasmid Construction Details of yeast strains, growth conditions, and plasmids are given in Supplemental Experimental Procedures. Transformations used lithium acetate [33] . For yeast two-hybrid assays, strains carrying binding-domain constructs and activation-domain constructs were crossed and diploids were selected on selective media. Diploids were grown overnight and assayed for b-galactosidase activity as described previously [33] .
Protein Purification
Details of protein purification are given in Supplemental Experimental Procedures. Briefly, GST-expression plasmids were transformed into Lucigen OverExpress C41(DE3) cells. Protein was purified from 2 l of cells after induction by isopropyl b-D-1-thiogalactopyranoside (5 hr 37 C). Lysates were incubated with glutathione Sepharose beads (GE Healthcare) for 1 hr at 4 C and washed, and proteins were cleaved using PreScission Protease according to the manufacturer's instructions. Cleaved protein was buffer exchanged into G buffer (2 mM Tris-HCL [pH 8.0], 0.2 mM CaCl 2 , 1 mM NaN 3 , 0.5 mM dithiothreitol, 0.2 mM ATP), kept on ice at 4 C, and used within 24 hr. Rabbit skeletal muscle actin was purified and gel filtered as described previously [34] . Peptide was synthesized to >95% purity by Pi Proteomics (Huntsville, AL). See Supplemental Experimental Procedures for sequence.
Actin Assays
For G-actin-binding assays, glutathione beads with GST fusions were incubated with 5 mM G-actin + 10% fluorescent Alexa 568 actin in G buffer. Binding was assessed using fluorescence microscopy. High-speed pelleting assays were performed as described previously [34] . Briefly, 5 mM actin was incubated alone or with varying amounts of Las17 fragment as indicated. Polymerization salts, 103 KME (500 mM KCL, 10 mM MgCl 2 , 10 mM EGTA, 100mM Tris-HCl [pH 8.0]), were added to 13, and after 2 hr, samples were centrifuged at 350,000 3 g. For fluorometry assays, 370 ml assays used 3-5 mM actin as indicated. Pyrene-actin was added to 5%, mixed thoroughly, and added to the fluorometry cuvette. Polymerization salts were mixed with Las17PP, WASP-PP, peptide, or G buffer to give final concentration of 0.53 KME before reading fluorescence. Polymerization was observed in a Cary Eclipse fluorometer (emission 364 nm, slit 10 nm round; excitation 385 nm, slit 20 nm).
Electron microscopy was performed using assays set up as for pelleting. Samples were adsorbed on carbon-coated copper grids and stained with 0.75% uranyl formate. Images were recorded on a Philips CM100 electron microscope using a Gatan MultiScan 794 CCD camera.
Fluorescence Microscopy
Fluorescence microscopy was performed on an Olympus IX81 inverted microscope, and data were deconvolved using AutoQuant software (Media Cybernetics). For live-cell imaging, cells were visualized after growing to early log phase. The distance of moving fluorescence spots was measured, and arbitrary profile of intensity values, image coordinates, and tracking of patch movements were established using ImageJ. Images were exported as TIFF files and assembled using Adobe Photoshop CS2. Kymographs were assembled using ImageJ. Statistical analysis of lifetimes was performed using GraphPad Prism software. Lucifer yellow uptake assays were performed as described previously [35] except that incubations were for 90 min. Rhodamine-phalloidin staining of actin structures was performed as described previously [36] .
Supplemental Information
Supplemental Information includes four figures, two tables, and Supplemental Experimental Procedures and can be found with this article online at http://dx.doi.org/10.1016/j.cub.2012.12.024.
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